Given that information on basic biology such as reproductive physiology, is essentially 13 lacking for saithe Pollachius virens, wild caught North Sea P. Virens were monitored for 14 growth, sex steroid profiles and oocyte development pre-spawning and measured for egg size 15 and group fecundity during the spawning season in the laboratory. Vitellogenesis commenced 16 in late October/early November, at a leading cohort size (LC) of ~250 µm whereafter oocytes 17 grew rapidly in size until spawning started in February. Notably, a distinct cortical alveoli 18 stage was virtually absent with yolk granules observed in developing oocytes at the very 19 beginning of vitellogenesis. Little atresia was observed pre-spawning, but atretic reabsorption 20 of remnant oocytes containing yolk granules was found in all females immediately post-21 spawning. As expected, concentrations of sex steroids, estradiol-17β (females), testosterone 22 (both sexes) and 11-ketotestosterone (both sexes), increased pre-spawning before dropping 23 post-spawning. The present experiment provides the first validation of sex steroid levels in P. 
INTRODUCTION 34
Saithe Pollachius virens L. 1758 is a gadoid residing in the Northern Atlantic. Despite being a 35 species of considerable cultural and commercial importance, surprisingly little is known about 36 its basic biology. The latter is especially true when compared to other gadoids like the 37 Atlantic cod Gadus morhua L. 1758 and to a lesser extent the Atlantic haddock 38
Melanogrammus aeglefinus L. 1758. 39
Traditionally, seven different P. virens populations or, perhaps more appropriately 40 named, units of management have been considered; one in the western Atlantic and six 41 populations in the east Atlantic (Olsen et al., 2010) . However, the connectivity between these 42 units and their genetic underpinning is still not clear (Reiss et al., 2009 ). Saha et al. (2015) 43 recently published a broadscale account of the genetic structure of P. virens throughout its 44 range using seascape genetics. They found that P. virens could be distinguished into four 45 broad genetic clusters; the Barents Sea, the Central Northeast Atlantic, Rockall and Canada. 46 This contrasts somewhat to other studies finding less differentiation (Behrmann et al., 2015) . 47
North Sea P. virens is the common name given to P. virens spawning in north-western 48 areas of the North Sea in February and March. The North Sea P. virens stock has fluctuated in 49 size peaking in the early 1970s, but is now at a low level (ICES, 2015) . Few studies have 50 reported on individual fecundity in P. virens. One notable exception is the report by 51 Storozhuk et al. (1974) , where they gave information on potential fecundity vs size for wild 52 caught North Sea P. virens. van der Meeren & Lønøy (1998) reported a total realized 53 fecundity of 2.21 million eggs in a group containing six females. Studies looking at the timing 54 (onset) of gametogenesis or the sex -steroid levels associated with this process are scarce. 55
Female gametogenesis (oogenesis) can broadly be classified into six stages; oogonial 56 for P. virens as described below: Extraction efficiency was determined by addition of a 132 known amount of 3 H -labelled steroid to pooled plasma samples (n = 8) and measuring the 133 amount of radioactivity that remained in the extracted and dissolved sample. Recovery after 134 extraction was 65% for E2 and 83-85% for androgens. Steroid concentrations are corrected in 135 relation to percent recovery. Logit-log binding curves of serial dilutions of steroid standards 136 and plasma samples were parallel showing that extracted plasma samples were suited to the 137 assay conditions. ED80 and ED20 were 0.004 ng ml -1 and 0.08 ng ml -1 for T, 0.04 ng ml -1 and 138
1.00 ng ml -1 for 11-KT, and 0.006 ng ml -1 and 0.6 ng ml -1 for E2. Detection limits of the 139 assays were 0.008 ng ml -1 for T, 0.005 ng ml -1 for 11-KT and 0.015 ng ml -1 for E 2 . Internal 140 standards were prepared from mature male (11-KT) and female (E2, T) Atlantic G. morhua 141 plasma extracted as described above. Interassay variation was 8.2% for E2 (n = 6), 6.4% for T 142 (n = 9) and 6.2% for 11-KT (n = 11). The intra-assay coefficient of variation was 16.2% for 143 E2 (n = 9), 14.8% for T (n = 14) and 4.6% for 11-KT (n = 9). E2 and T antisera, acetylcholine 144 esterase-labelled tracers and microplates precoated with monoclonal mouse antirabbit IgG 145 were supplied by Cayman Chemicals (USA). Anti-11-KT was a kind gift from dr. David E. 146
Kime, Sheffield University, UK. Standard steroids were purchased from Sigma Aldrich 147 (Sigma reference standards). Cross-reactivities for E2 and T antisera are described by the 148 manufacturer, while details on crossreactivity for the 11-KT antibody are given by Cuisset et 149 al. (1994) . 150
IMAGE ANALYSES OF OOCYTE SIZE 152
All biopsy samples, except the samples obtained in April 2014, were first subjected to digital 153 image analyses to measure the size of vitellogenic oocytes present in the samples. This 154 method uses the contrast between previtellogenic oocytes and vitellogenic oocytes in relation 155 to the set background to specifically select and measure the diameter of the latter oocytecategory (Thorsen & Kjesbu, 2001 The measurements were done on binary versions of the original images to increase the 179 contrast and enhance the edge of the eggs. The binary images were constructed by using a 180 low-pass Fourier filter to reduce the noise, and an intensity scaling (keeping pixels with more The total average realized fecundity for the 13 females was also calculated. For days 225 where direct measurements of the egg size existed from the images of the eggs, the day 226 specific fecundity was obtained using two conversion formulations from volume to egg 227 1989), whereas eq. 2 denotes the maximum packing of spheres in a volume, i.e. it produces a 234 higher fecundity for the same volume and egg diameter (d in eq. 1 and 2 (in mm)). Due to 235 technical problems, the egg volumes were not measured on three days in the spawning season. 236
To compensate for this likely bias, a linear interpolation of the volume of the spawning 237 products on these days was made. For days where an egg image was not available the value 238 1.18 mm, i.e. the volume -weighted average diameter of the eggs, was used. Three 239 calculations of ʻgroup fecundityʼ was then produced; i) a minimum estimate based on eq. 1 240 only including days where volume measurements was available, ii) a median estimate also 241 using eq. 1, but including the estimated volumes for the missing days and iii) a maximum 242 estimate also including the missing days, but using eq. 2. 243
244

RESULTS
245
BODY GROWTH 246
No difference in growth, i.e. patterns of changes in mass between males and females, was 247 found. Pre -spawning fish increased in mass while growth ceased or even tended to decrease 248 during the spawning season (Fig. 3, Table II) . 249
SEX STEROID PROFILES 251
In general sex steroid profiles for both males (T and 11-KT) and females (E2 and T) showed 252 the same temporal pattern; first steroid concentrations increased as the spawning season 253 approached, after which they generally dropped to very low levels in April 2015 (Fig. 4,  254 Table II). However, while the latter was true for all females, some males still displayed high 255 levels at this last measurement, suggesting they were still in spawning condition. The highest 256 measured concentrations of both T and E2 in females were detected in January and February, 257 at around 3 ng ml -1 (T) and 11 ng ml -1 (E2), respectively (Fig. 4) 11-KT patterns for females 258 remained low during the entire study (< 1 ng ml -1 ), although there was a slight increase from 259 the October to the November measurement and the lme-model did yield significant temporal 260 effects (Fig. 4, Table II ). The highest measured androgen levels in males were found in 261 February, at around 35 ng ml -1 (11-KT) and 16 ng ml -1 (T) 262
OOCYTE DEVELOPMENT, ATRESIA AND POF DURATION 264
The initial histology samples taken in April 2014 showed that 2 females were still in a 265 spawning state indicated by the presence of both hydrated and vitellogenic oocytes, whereas 266 one had just finished (Table III ). Only previtellogenic stages were then found in all biopsy 267 samples until the October 22 sample (Table III, Fig. 5 and 6 ), when 3 of the sampled females 268
showed an early phase of the yolk granule stage (Table III, Females exhibiting the cortical alveolus stage as the most advanced stage were not observed 277 (Table III) . 278
Very little atresia was observed pre-spawning, but reabsoprtion of remnant yolk 279 granule oocytes was found in all sampled females immediately post-spawning. POFsappeared to last 9 -11 months post-spawning, but then fully disintegrate and disappear. 281
Immediately post-spawning in April 2014, large POFs could be seen (Table III) . Generally, 282
POFs were then found in all histological sections until November, after which they started to 283 disappear. In April 2015, immediately after spawning, no old POFs were seen in any of the 284 histological sections, but large newly formed POFs were once again visible (Table III, Fig. 6 ). 285
SPAWNING; EGG SIZES AND FECUNDITY 287
Eggs were first found on February 13 th . Only minute quantities were collected in the first 288 week but, after this, large weekly amounts of eggs, albeit with substantial day to day 289 variation, were collected until March 27 th , when volumes dropped significantly (Fig. 7) . No 290 eggs were detected after March 29 th (Fig. 7) . The median daily fertilization percentage was 291 92.5 %, while fertilized eggs made up 87 % of the total egg volume (Fig. 7) . 292
The average diameter of all measured fertilized eggs was 1.17 mm (range 1.04 -1.31) 293 and the volume weighted average diameter was 1.18 mm. The day-specific distribution of egg 294 sizes and stages tended to yield a multi -peaked distribution indicative of several females 295 having contributed eggs (see upper panels in Fig. 8 ). There was a consistent decrease in egg 296 size over the period where egg diameter measurements were obtained (Fig. 8 lower left panel,  297 Pearson correlation coefficient R = -0.538, P = 0.026). The average fish fecundity was 298 estimated to be 0.84 million eggs, with a lower estimate of 0.77 million eggs and an upper 299 estimate of 0.93 million eggs (Fig. 8) . 300 301 DISCUSSION 302
GAMETOGENESIS IN POLLACHIUS VIRENS; ONSET, DURATION, VITELLOGENIC 303 STAGES AND STEROID PROFILES 304
As expected gametogenesis in P. virens shows many similarities with other studied gadoids, 305 but there are also distinct and intriguing differences. This applies in particular to the onset and 306 duration of vitellogenesis and the development of the different vitellogenic stages. 307
Vitellogenesis started around the end of October/early November with ʻthe group 308 starting dateʼ estimated to be November 7 (Fig. 5) . On October 22 oocytes in early 309 vitellogenesis were observed in a few of the sampled female ovaries and by late November all 310 sampled females showed vitellogenic oocytes with yolk granules occupying large proportions 311 of the oocytes (Fig. 6) . No vitellogenic oocytes were found before October (Table III, Fig. 6) . stage is of such a short duration in P. virens that it was not captured by the sampling or, 321 perhaps more likely, that yolk granules and cortical alveoli appear simultaneously. 322
The onset of vitellogenesis appears to be substantially later in P. virens than in G. joining the spawning population at an age of 5-6 years (ICES 2015). The P. virens in the 342 present study were thus caught presumably en route to the North Sea feeding areas (Fig 1) . 343
They were thus probably exposed to a light and temperature regime of a slightly more eastern 344 and northern location than their natural wild habitat. However, this slight difference should 345 not have caused any major changes in the timing and onset of gameteogenesis and spawning; 346 e.g. the spawning season reported here closely matches the peak spawning season reported for 347 wild North Sea P. virens (ICES 2015) . 348
Interestingly the onset of the actual spawning season in the present study closely 349 matches that of coastal G. morhua in the same area, i.e. the vitellogenic phase appears to be of 350 shorter duration in P. virens. The transition from pre -vitellogenic to vitellogenic stages 351 occurred around an oocyte size of 250 µm (Fig. 5, Table III ). This closely matches previously 352 published values for G. morhua (Kjesbu et al., 2010) . In contrast hydration and subsequent 353 spawning occurred at an oocyte size of 750 µm (Fig. 5) , which is considerably smaller thanthe 875 µm reported for G. morhua (Kjesbu et al., 2010 (2010), the expected oocyte developmental rate for a G. morhua at 7.9 C, ambient 360 temperature during vitellogenesis in the present study (Fig. 3) , is 4.0 µm day -1 . This is 361 somewhat less than the 4.6 µm estimated presently. 
